The numerical simulation and experimental validations of the growth and departure of a single bubble on a horizontal heated surface during pool boiling under reduced gravity conditions have been performed here. A finite difference scheme is used to solve the equations governing mass, momentum and energy in the vapor liquid phases. The vaporliquid interface is captured by level set method, which is modified to include the influence of phase change at the liquidvapor interface. The effects of reduced gravity conditions, wall superheat and liquid subcooling and system pressure on the bubble diameter and growth period have been studied. The simulations are also carried out under both constant and timevarying gravity conditions to benchmark the solution with the actual experimental conditions that existed during the parabolic flights of KC-135 aircraft. In the experiments, a single vapor bubble was produced on an artificial cavity, 10 µm in diameter microfabricated on the polished silicon wafer, the wafer was heated electrically from the back with miniature strain gage type heating elements in order to control the nucleation superheat. The bubble growth period and the bubble diameter predicted from the numerical simulations have been found to compare well with the data from experiments.
INTRODUCTION
Boiling, being the most efficient mode of heat transfer is employed in various energy conversion systems and component cooling devices. Applications of boiling heat transfer in space applications include thermal management, fluid handling, control and power systems. The key factors that are to be addressed for the space systems based on Rankine cycle are the boiling heat transfer coefficients and the critical heat flux under depleted gravity conditions. Keshock and Siegel (1964) showed that the bubbles grow larger and show higher growth periods before getting detached from the heater surface under reduced gravity conditions owing to the reduced buoyancy force acting on the bubbles. Merte (1994) and Lee and Merte (1997) have reported the results of pool boiling experiments conducted in the space shuttle for a surface similar to that used in drop tower tests. The subcooled boiling was found to be unstable during long periods of micro gravity conditions. It was concluded that the subcooling has negligible influence on the steady state heat transfer coefficient. Ma and Chung (2001) experimentally studied single bubble dynamics in flow boiling of FC72 at terrestrial gravity and reduced gravity conditions in a 1 second drop tower. It was observed that the bubble departure diameter at reduced gravity conditions is larger than that of terrestrial gravity case. However no lift-off of the bubble from the heater surface was observed during the short micro gravity conditions. Straub, Zell and Vogel (1992, 1994) conducted series of nucleate boiling experiments using thin platinum wires and gold coated flat plate as heaters at low gravity conditions in the flights of ballistic rockets and in KC-135 aircraft. For a flat plate heater with R12 as the test liquid, boiling curves similar to those of normal gravity cases were obtained. Using R113 as the test liquid, rapid bubble growth and large bubbles were observed. However, neither the bubble growth rate nor the bubble diameter at the departure was given. For subcooled micro gravity cases, they observed a reduction of up to 50% in heat transfer coefficient in comparison with the normal gravity cases. Qiu et al. (2000) conducted experimental studies on the growth and detachment mechanisms of a single bubble during the parabolic flights of the KC-135 aircraft. Experiments were carried out under normal and reduced gravity conditions for various wall superheats and liquid subcoolings at system pressure varying from 14.7 to 16.6 Psia. Artificial cavities were made on the polished silicon wafer, which was heated on the backside in order to control the nucleation superheat. A single bubble was produced on an artificially etched cavity at the center of the wafer in degassed and distilled water. The gravity in the experiments was not constant but varied with time. These experimental results are used to compare and validate the present simulations.
Several attempts have been made in the past to model bubble growth on a heated wall and bubble departure processes. Lee and Nydahl (1989) calculated the bubble growth rate by solving the flow and temperature fields numerically from the momentum and energy equations. They used the formulation of Cooper and Llyod (1969) for micro layer thickness. However they assumed a hemispherical bubble and wedge shaped microlayer and thus they could not account for the shape change of the bubble during growth. Zeng et al. (1993) used a force balance approach to predict the bubble diameter at departure. They included the surface tension, inertial force, buoyancy and the lift force created by the wake of the previous departed bubble. But there was empiricism involved in computing the inertial and drag forces. The study assumed a power law profile for growth rate and the coefficients were determined from the experiments. Mei et al. (1995) studied the bubble growth and departure time assuming a wedge shaped microlayer. They also assumed that the heat transfer to the bubble was only through the microlayer, which is not totally correct for both subcooled and the saturated boiling. The study did not consider the hydrodynamics of the liquid motion induced by the growing bubble and introduced empiricism through the shape of the growing bubble. Welch (1998) has published a scheme using a finite volume method and an interface tracking method. The conduction in the solid wall was also taken into account. However, the microlayer was not modeled explicitly.
It has been noted from the above discussion that there is no mechanistic model that describes the observed physical behavior of a vapor bubble and its dependence on various parameters such as wall superheat, liquid subcooling etc. under reduced gravity conditions. Son et al. (1999) numerically simulated the bubble growth during the nucleate boiling by using the Level Set method. This method has been applied to adiabatic incompressible two-phase flow by Sussman et al. (1994) and to film boiling near critical pressures by Son and Dhir (1998) . The computational domain was divided into two regions viz. micro and macro regions. The interface shape, position and velocity and temperature field in the liquid were obtained from the macro region by solving the conservation equations. The micro region equations, which include the disjoining pressure in the thin liquid film, were solved using the lubrication theory. The solutions of the micro region and macro region were matched at the outer edge of the micro layer.
Singh and Dhir (1999) have obtained numerical results for low gravity conditions by exercising the numerical simulation model of Son et al. (1999) . However the gravity level was taken to be time invariant, which is not always the case in the experiments. For experiments in which gravity level varied with time, the predicted growth behavior during the life of the bubble differed somewhat from the numerical results. However the bubble lift off diameters matched with the experimental data where the gravity level at the time of the bubble departure was used in the numerical simulations.
In the present study, the above-cited work is extended to obtain the bubble growth during pool boiling under constant and time varying reduced gravity conditions. This study focuses on growth of a single bubble in a pool of liquid and on the effect of system variables on growth characteristics. This work neglects the effects of adjoining bubbles on the bubble of interest. The complete understanding of the effect of subcooling, level of gravity and wall superheat on a single bubble is essential for development of a predictive model for nucleate boiling. 3) The wall temperature remains constant throughout the process. 4) Pure water at atmospheric pressure is used as the test fluid. 5) The thermodynamic properties of the individual phases are assumed to be insensitive to the small changes in temperature and pressure. The assumption of constant property is reasonable as the computations are performed for low wall superheat range. 6) Static contact angle is assumed to be known. Variations of contact angle during advancing and receding phases of the interface are not included
ANALYSIS
The model of Son et al. (1999) is extended to study single bubble growth in nucleate boiling under constant and timevarying micro gravity conditions. The computational domain is divided into two regions viz. micro region and macro region as shown in Fig.1 . The micro region is a thin film that lies underneath the bubble whereas the macro region consists of the bubble and it's surrounding. Both the regions are coupled and modeled and solved simultaneously. The calculated shapes of the interface in the micro region and macro region are matched at the outer edge of the micro layer.
MICRO REGION
The equation of mass conservation in micro region is written as, Lubrication theory and one dimensional heat transfer in the thin film have been assumed in a manner similar to that in the earlier works by Stephan and Hammer (1994) , Lay and Dhir (1995) and Wayner (1999) .
According to the lubrication theory, the momentum equation in the micro region is written as,
where l p is the pressure in the liquid. Heat conducted through the thin film must match that due to evaporation from the vapor-liquid interface. By using modified Clausius-Clapeyron equation, the energy conservation equation for the micro region yields,
The evaporative heat transfer coefficient is obtained from kinetic theory as, 1/ 2 2 2 a n d 2
The pressure of the vapor and liquid phases at the interface are related by,
where is the dispersion constant. The second term on the right-hand side of equation (5) accounts for the capillary pressure caused by the curvature of the interface, the third term is for the disjoining pressure, and the last term originates from the recoil pressure. The curvature of the interface is defined as,
The combination of the mass conservation, equation (0), momentum conservation, equation (2), mass balance and energy conservation, equation (3) and pressure balance equation, (5) along with equation (6) for the curvature for the micro-region yields a set of three nonlinear first order ordinary differential equations (7), (8) and (9) 2 23 / 2
For numerically analyzing the macro region, the level set formulation developed by Son et al. (1999) for nucleate boiling of pure liquid is used. The interface separating the two phases is captured by φ which is defined as a signed distance from the interface. The negative sign is chosen for the vapor phase and the positive sign for the liquid phase. The discontinuous pressure drop across vapor and liquid caused by surface tension force is smoothed into a numerically continuous function with a δ -function formulation (refer to Sussman et al., 1994, for detail) . The continuity, momentum and energy, conservation equations for the vapor and liquid in the macro region are written as,
The above three differential equations (7)- (9) The static contact angle, φ, for water-silicon system based on measurements was taken to be 54 and the corresponding value of A o chosen was 10 -9 .
MACRO REGION
The fluid density, viscosity and thermal conductivity of water are defined in terms of the step function as,
where, is the Heaviside function, which is smoothed over three grid spaces as described below,
The mass conservation equation (11) can be rewritten as,
The term on right hand side of equation (19) is the volume expansion due to liquid-vapor phase change. From the conditions of the mass continuity and energy balance at the vapor-liquid interface, the following equations are obtained, 
Using equations (18), (20) and (21), the continuity equation (19) for macro region is rewritten as, 
The vapor produced as a result of evaporation from the micro region is added to the vapor space through the cells adjacent to the heated wall, and is expressed as,
where, is the volume of a control volume, is the evaporation rate from the micro-layer and is expressed as, 
where, 0 φ is a solution of equation (27).
The boundary conditions for velocity, temperature, concentration, and level set function for the governing equations, (11)- (14) 
SOLUTION
The governing equations are numerically integrated by following the procedure of Son et al. (1999) .
The computational domain is chosen to be , so that the bubble growth process is not affected by the boundaries of the computational domain. The initial velocity is assumed to be zero everywhere in the domain. The initial fluid temperature profile is taken to be linear in the natural convection thermal boundary layer and the thermal boundary layer thickness, 7.14( / )
The gravity level at the lift-off point in the experiments is used to calculate the normalized quantities in the numerical simulations. The grid independence study is shown in Fig. 2 
RESULTS AND DISCUSSION

BUBBLE DIAMETER
Figure 3 (a) shows the variation of equivalent bubble diameter with time for a time-invariant gravity level of 0.04g e and a wall superheat of 5.5°K in saturated water . Fig 3 (b) shows the variation of base diameter of the bubble on the wall with time for the same case. The bubble lifts of at 3.8 sec with a final diameter of 14.1mm. The bubble base initially expands and then shrinks as the bubble starts to detach, as seen from the variation of bubble base in Fig.3 (b) . In Fig. 3 (a) and 3 (b) , the experimental results of Qiu et al. (2000) are also plotted and the numerical results are found to match well with the experimental results.
Figure 4 (a) shows the variation of equivalent bubble diameter with time for a gravity of 0.045g e and a wall superheat of 2.5°K in water with a subcooling of 0.2°K. Fig. 4 (b) shows the variation of base diameter of the bubble on the wall with time for the same case.
EFFECT OF WALL SUPERHEAT AND LIQUID SUBCOOLING
Figure 5 (a) shows the variation of bubble diameter with time for various wall superheats for a gravity of 0.04g e . The lift off diameter increases with the increase in the wall superheat. The growth period decreases with the increase in the wall superheat. The effect of superheat on bubble lift-off diameter is not very significant in the range of our consideration.
Figure 5 (b) shows the variation of bubble diameter with time for various liquid subcoolings under a gravity of 0.04g e . The bubble lift off diameter decreases with the increase in the liquid subcooling. The growth period increases with the increase in the liquid subcooling. The effect of liquid subcooling on the bubble growth and lift off diameter seems to be more significant than the effect of wall superheat in the experimental ranges of our consideration.
EFFECT OF TIME-VARYING GRAVITY
The magnitude of gravity normal to heater varies constantly with time in the KC-135 experiments as shown in The shapes of the bubble at various instants obtained from the experiments and from the numerical simulation for the gravity level corresponding to Fig. 6 are given in Fig. 7 . As seen from the figure, the bubble becomesflattened or streched in the vertical axis as the gravity level goes from positive to negative or from negative to positive direction respectively in the time-varying gravity case. Figure 8 shows the comparison of numerically calculated bubble shapes between constant gravity case and time-varying gravity case corresponding to Fig. 6 at various instants. As it can be seen from Fig. 8 , the base area of the bubble in the negative gravity levels of the time-varying gravity case is larger than that of the constant gravity case. This increase in the base area causes an increase in the heat transfer and thereby increase in the bubble growth rate. Figure 9 shows the comparison of velocity vectors at various instants between constant gravity case and time-varying gravity case corresponding to Fig. 6 . As seen from the figure, the velocity vectors in the time-varying gravity case are smaller at the instants where the gravity becomes negative than for the constant gravity case. The evaporation rate from the microlayer into the bubble is determined by the heat transfer rate into the bubble, which in turn is determined by the temperature difference between interface and wall and the thermal layer thickness. During the negative gravity case, the vapor velocity is reduced because of the positive pressure gradient developed in the vapor space. The vapor velocities in the time-varying gravity case become similar to that of constant gravity case when the gravity level becomes positive because new pressure gradient is negative for both cases. Figure 10 shows the comparison of temperature contours around the bubble between constant gravity case and timevarying gravity case corresponding to Fig. 6 at time, t=4 sec. The thermal boundary layer thickness in the time-varying gravity case during the period of negative gravity is higher than the constant gravity case as seen from the figure. This is due to the fact that the negative gravity level in the time-varying gravity case causes the thermal boundary layer to expand. This increase in thermal boundary layer thickness augments the heat transfer rate into the bubble. Figure 11 shows the variation of bubble diameter with time for a liquid subcooling of 0.9°K and wall superheat of 4.6 K for the gravity level corresponding to Fig. 6 . The bold line shows the variation of bubble diameter with time under timevarying gravity condition whereas dotted lines correspond to constant gravity case. The numerical results of time-varying gravity case match well with the experimental results as seen from the figure. The bubble lift off diameter is higher in the case of time-varying gravity case than the constant gravity case. After 5.5 seconds, the magnitude of the gravity reaches 0.01g e and the bubble has grown to a size of 25mm, which corresponds to the lift-off diameter at that gravity level. The bubble base has already started shrinking as shown in Fig. 7 at that instant. So the bubble will depart soon irrespective of the gravity level thereafter. Figure 12 (a) and Fig. 12 (b) show the variation of heat transfer rates from microlayer, from surroundings and the total heat transfer rate to the bubble in the constant gravity and timevarying gravity cases corresponding to Fig 6. The heat transfer rate in the time-varying gravity case is higher than the constant gravity case since the bubble is bigger and has a higher base area in the former case. The microlayer heat transfer rate is also higher in the time-varying gravity case because of greater base area as seen from the comparison of bubble shapes in Fig. 9 and higher thermal boundary layer thickness during instants where the gravity level is lower than that for constant gravity case as seen from Fig. 10 .
HEAT TRANSFER INTO VAPOR BUBBLE
WALL HEAT FLUX
Figure 13 (a) shows the variation of heat flux with radial distance, r for various instants for a super heat of 4.6° K and liquid subcooling of 0.9° K under a constant gravity of 0.021g e . As seen from the Fig. 13 (a) , the local heat flux increases with radial distance because of the increase in temperature difference between wall and the bubble interface, but at the same time the thermal boundary layer thickness also increases with radial distance, which reduces the local heat flux. Therefore the local heat flux attains a peak and then starts decreasing because of the increasing thermal boundary layer thickness and eventually attains a value corresponding to the natural convection heat flux. The peak in the heat flux occurs at the contact line between the bubble and the wall, which is caused by the high evaporation rate of liquid into the bubble. During the bubble growth, the peak moves outwards first, reaches a position of maximum radius and then moves back towards the cavity. The farthest position of the peak from the cavity occurs when the base diameter reaches its maximum value. It is also noticed that the local heat flux attains a peak at the bubble lift off time. The cold liquid occupies the free space left behind by the bubble. This sets up a transient conduction for a small period of time in that region. The heat flux in the transient state goes as the inverse square root of the time. This causes a sharp increase in the heat flux in that region for that small period of time and thereafter heat flux decreases until natural convection is established. Fig 13 (b) shows the variation of heat flux with radial distance, r for various instants for a superheat of 4.6° K and liquid subcooling of 0.9° K under time-varying gravity conditions shown in Fig. 6 .
Another similar time-varying gravity case shown in Fig.  14 (a) has also been numerically calculated. Only the effect of variation of gravity in the direction normal to the heater is considered. Fig 14 ( 
CONCLUSIONS
The numerical simulation and experimental analysis of a single vapor bubble in pool boiling under micro gravity conditions have been carried out. Bubble shape and the growth process are numerically computed. The following conclusions have been drawn : 1) Larger bubble diameters and longer bubble growth periods are the characteristic features in the reduced gravity cases due to the decrease in the buoyancy force.
2) The effect of liquid subcooling is to increase the bubble growth period significantly and to decrease the bubble lift off diameter.
3) The effect of wall superheat is to decrease the bubble growth period and to increase the bubble lift off diameter. But this effect is not as significant as the effect of liquid subcooling over the range of consideration. 4) The effect of the time-varying gravity is to increase the heat transfer rate and the bubble growth rate. The bubble gets flattened in the vertical direction when gravity is negative. Negative gravity results in the increase in base diameter and thereby an increase in heat transfer rate and bubble growth rate. 5) In the time-varying gravity case, the bubble departs soon after reaching the bubble lift-off diameter corresponding to the gravity level at that instant. The gravity level succeeding that point has little effect on the bubble departure diameter. buoyancy and the surface tension play major role in the bubble Fig. 11 (a) The variation of heat transfer rates from microlayer, from surroundings and total heat transfer rate with Time for ∆T w = 4.6° K, ∆T sub =0.9° K . for contant gravity case. Fig. 11(b) . The variation of heat transfer rates from microlayer, from surroundings and total heat transfer rate with Time for ∆T w = 4.6° K, ∆T sub =0.9° K . for time-varying gravity case. Fig. 11(b) . The variation of heat transfer rates from microlayer, from surroundings and total heat transfer rate with Time for ∆T w = 4.6° K, ∆T sub =0.9° K . for time-varying gravity case. 
